Two quantum chemical methods which are the time-dependent density functional theory (TD-DFT) and the complete active space CASPT2/CASSCF have been used in modeling absorption spectra of silver clusters Ag n (n = 2, 3, 4, 6, 8). There is an overall good agreement between TD-DFT and CASPT2 results for transition energies. The absorption spectra of the Ag n clusters examined can reasonably be simulated using the excitation energies obtained by either TD-DFT or CASPT2 method. The main result emerged from this calculation is that the TD-DFT method is suitable for treatment of excited states of Ag clusters. The choice of specific functionals and basis sets to be used in some cases induces important effects on the calculated spectra. It is also noteworthy to mention that for some clusters, the neutral Ag 6 for instance, the effect of noble gas environment is significant, while for some others such as the neutral Ag 8 , it is not. Therefore, carrying out TD-DFT calculations to reproduce and to assign a given structure to an experimental absorption spectrum of a silver cluster, it is not only to select suitable functionals but also to take enough effects of environments into account.
INTRODUCTION
Clusters of silver atom and ions have recently attracted the interest of scientists because of their pronounced catalytic and emissive properties. While the silver single atom can only exist in two oxidation states, either 0 or +1, those clusters can be formed in different oxidation states. As a result, this influences to their optical properties. Due to the strong luminescence in the UV-VIS region, silver clusters display a potential for applications in material sciences and biomedicine [1] [2] [3] [4] .
The structures, optical absorption and fluorescence spectra in the UV-visible range of selected neutral Ag n clusters (n = 1-9) in solid neon were recently recorded and compared to those of theoretical spectra as well [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Although that studies confirmed the power of computation in the exploring properties of silver clusters, it is requested more computational investigations to clearly understand the properties of silver clusters in order to support experiments in new silver cluster based compounds/devices. In this context, we set out to determine, as for a preliminary calibration, the electronic structures and absorption spectra of some small pure silver clusters Ag n , using both TD-DFT and CASSCF/CASPT2 methods.
MATERIALS AND METHODS

The method of Time-Dependent Density Functional Theory (TDDFT)
The TD-DFT method [19] [20] [21] [22] [23] is a widely used method for treating excited states. In this work, we simulate the absorption spectra using the TD-DFT method implemented in the Gaussian 09 package [24] using the following procedure: i) First, a density functional theory (DFT) calculation is used for geometry optimization, followed by harmonic vibrational frequency calculation; ii) Second, the TD-DFT calculation is performed at the optimized geometry to determine the energy levels of the excited states and absorption spectra of the clusters.
The multiconfigurational method
The procedure to model the absorption using the CASPT2/CASSCF and RASSI methods, implemented in the MOLCAS package [25] is described as following: First, a fixed molecular geometry obtained by the DFT optimization is chosen. Second, the GATEWAY module is performed to collect the information about the molecular system such as the symmetry, basis set, for all the subsequent calculations. Third, the SEWARD module is performed to generate and to store the one-and two-electron integrals which are always required in the subsequent SCF calculation. Fourth, the SCF module is performed to obtain the Hartree-Fock SCF wave function and energy. Fifth, the CASSCF computation is carried out to generate the multiconfigurational wave functions. Sixth, the CASPT2 calculation follows the CASSCF one to give a second-order perturbation estimate of the full CI energy using the CASSCF wave function as the reference. Lastly, the RASSI method is used to compute matrix elements of electronic transition dipole moments, and thereby oscillator strengths (f).
RESULTS AND DISCUSSION
Ag 2 Neutral Dimer
Let us start our modeling with the neutral dimer Ag 2 . We have employed six functionals including the hybrid B3LYP and CAM-B3LYP, the pure BP86, PBE1PBE and LC-wPBE and the meta-GGA M06 [26] [27] [28] [29] [30] [31] , in conjunction with the correlation consistent aug-cc-pVDZ-PP basis set for silver [32] . Each functional is used to optimize geometries, calculate the vertical ionization energies and vertical electron affinities, and the absorption spectra. The obtained results are then compared with the available experimental and previous calculated results.
The results of our calculations listed in Table 1 show that the B3LYP, CAM-B3LYP and M06 functionals give good IEv and VDE values, while the BP86, PBE1PBE and LC-wPBE do not. The TD-DFT method using the above functionals has been used to calculate the absorption spectrum of the neutral silver dimer. The results are summarized in Table 2 and illustrated in Figure 1 . u electronic transitions. The TD-B3LYP/aug-cc-pVDZ-PP calculation results are also agree well with the results obtained from previous calculations using the method of equation-of-motion coupled-cluster theory including single and double excitations (EOM-CCSD) [15] .
We have also performed the single point CASPT2/CASSCF calculations for the absorption spectrum of Ag 2 . Two basis sets have been used in this calculation, namely, the ANO-RCCLarge [33] basis set, and the effective core potential (ECP) basis set of Dolg et al. [34] . The active spaces consist of distributions of two electrons amongst eight (CASSCF (2, 8) ) and fourteen (CASSCF (2, 14) ) orbitals including 5s and 5p atomic orbitals of silver atoms. Results of the CASPT2/CASSCF calculations are listed in Table 2 .
It turns out that the location of the S 1 state is similarly reproduced by all six DFT functionals at around 3.0 eV. The CASPT2 results appear to be less dependent on the active space. On the contrary, the difference between the transition energies obtained by the two basis sets is larger ( Table 2 ).
For the sake of simplicity, only the TDB3LYP/aug-cc-pVDZ-PP result is displayed in Figure 1 . At this level, the absorption spectrum of silver dimer contains two distinct bands which center at 410 nm (~3.0 eV) and 272 nm (~4.6 eV) wavelengths. The longer wavelength absorption band is due to the HOMO LUMO transition (S 0 S 1 ). Experimentally, an absorption band at 2.85 eV has been assigned for Ag 2 [8] [9] . Table 2 points out that either the TD-DFT values of ~3.0 eV or the CASPT2/ECP values of ~2.9 eV reproduce quite well the experimental result. Our calculated results are also comparable to the previous EOM-CCSD value of 2.94 eV [15] . The shorter wavelength absorption band ( Figure 1 ) is due to the S 0 S 2 transition. Experimentally, the values of 4.67 and 4.84 eV [12] [13] have been assigned for the associated absorption band. In this case, both TD-DFT and CASPT2/ECP results (4.2 -4.6 eV) appear to be underestimated, whereas the CASPT2/ANO-RCC appear to reproduce better (4.7 -4.8 eV) this energetic parameter. Figure 1 . Absorption spectrum of neutral silver dimer Ag 2 simulated by the TD-B3LYP/aug-cc-pVDZ-PP calculation. 
Ag 3 Trimer
We have calculated the vertical electron affinity (EA v ) and the vertical ionization energy (IE v ) of the neutral silver trimer Ag 3 by DFT method using the six different functionals mentioned in Section 3.1. The energetic results are also summarized in Table 1 in comparison with experiment and previous calculations. The TD-DFT calculations as well as CASPT2 calculations have been performed on the silver trimer cation Ag 3 + in order to probe its absorption spectrum, which was recorded experimentally [11] . The results are represented in Table 3 . The absorption spectrum of Ag 3 + is characterized by an intense band centered at ~4.0 eV, according to TDDFT calculations using all six functionals. Table 3 points out that the B3LYP functional underestimates the transition energy of the S 0 S 1 electronic transition by about 0.4 eV, whereas the LC-wPBE functional gives better result, being 4.1 eV as compared to the experimental one of 4.2 eV, and to the earlier EOM-CCSD result of 4.1 eV [11, 15] . The absorption band is due to a dominant contribution from HOMO LUMO excitation, and a considerably smaller contribution from HOMO-1 LUMO. For the CASPT2/CASSCF calculation, the active space is the distribution of two electrons amongst twelve MOs and is denoted as CASSCF(2/12). Our CASPT2/CASSCF(2/12) calculations using the two basis sets also provide the transition energy of 4.0 eV for the S 0 S 1 electronic transition of Ag 3 + which is in good agreement with either experiment or the EOM-CCSD result [11, 15] (cf. Table 3 ). 
Ag 4 Tretramer
There are two stable structures for the neutral silver tetramer Ag 4 which are rhombic D 2h and Y-shaped C 2v structures. Calculated results listed in Table 4 show that the rhombic D 2h is more stable than the Y-shaped structure. This result agrees well with previous calculations [15] . TD-DFT and CASPT2/CASSCF calculations have also been used to simulate the absorption spectra of the Ag 4 neutral cluster in both shapes. The energies as well as the oscillator strengths of the vertical electronic transitions for the two structures of Ag 4 are listed in Table 4 and  Table 5 .
The absorption spectrum of the rhombic Ag 4 (D 2h , 1 A g ) in the UV-VIS region is characterized by several bands. The most intense band is centered at ~2.9-3.0 eV, as predicted by both TD-DFT and CASPT2/CASSCF(4/16) calculations. These are close to the experimental result of 3.07 eV [6] and previous calculated results of 3.0 eV [15] . This band is well described by all functionals used and is due to the dominant transition S 0 S 3 . The other less intense band is found to be centered at 4.0 eV. The experimental spectrum of Ag 4 shows three well-defined and narrow bands located at 3.07, 4.05 and 4.50 eV [6] . These bands can well be described by our TD-DFT, as well as the CASPT2 calculations, as it could be seen from Table 5 . Experimental results [6] led to the assignment that for Ag 4 , the rhombic structure D 2h is the only isomer in the Ar noble gas matrix, even though the Y-shaped isomer lies at only ~0.2 eV above the rhombic structure, according to our DFT calculations (Table 5) .
Ag 6 Cluster
Three stable isomers have been found by our calculations, which are in D 3h , C 5v and C 2v point groups. Table 4 shows that DFT calculations using six functionals are consistent, and the planar D 3h structure is the most stable isomer of the neutral silver hexamer Ag 6 . This finding is in line with previous calculated results [6, 7] . TD-DFT has also been used to simulate the absorption spectra of the neutral cluster Ag 6 in all three structures and the calculated results are represented in Table 6 and Figure 2 . The experimental spectrum of Ag 6 recorded in argon matrix shows two distinct double peaks centered at 3.63 and 4.15 eV [6] . Harb et al. [6] reported that their calculated results using the TD-BP86/LANL2DZ level for the lowest-energy planar isomer D 3h were not in good agreement with the experimental spectrum. The 3D C 5v structure has been proposed to be present in the experimental measurement since it has the main absorption band at 3.65 eV (TD-BP86/LANL2DZ) [6] , even though it lies at 0.24 eV higher in energy than the D 3h structure. Our TD-DFT calculations using the TD-BP86/aug-cc-pVDZ-PP method show similar results, as it could be seen from the excited state S 4 energy in Table 6 . The absorption spectrum of the planar C 2v structure, which lies at ~0.3 eV higher energy than the most stable D 3h structure (Table 4) , is calculated at the B3LYP/aug-cc-pVDZ-PP level and plotted in Figure 2b , in combination with the absorption spectra of the D 3h and C 5v isomers. Surprisingly, absorption of the C 2v structure (red curve in Figure 2b) , shows not only a strong band centered at ~3.3 eV but also a less intense band at ~4.4 eV. These results lend a support for the viewpoint that both planar D 3h and 3D C 5v structures are likely to exist during the experimental absorption measurement of Ag 6 , since the latter shows an intense absorption peak at 3.63 eV in the Argon matrix [6, 7] . Moreover, the higher energy planar C 2v structure should not be excluded. The blue shift of the experimental absorption could again be due to the effects of the noble gas matrix. A convolution of the calculated absorption spectra of all D 3h , C 5v and C 2v structures of the free-standing Ag 6 neutral cluster shall not reproduce the other intense absorption band located at around 4.15 eV of this neutral hexamer in Argon matrix [6] . Furthermore, as far as we are aware, in the Neon matrix experiment [7] , the absorption band at 4.15 eV is not visible, and the most intense absorption band is red-shifted as compared to that in Argon matrix, being centered at 3.45 eV in Ne. We would come to a conclusion that the optical absorption of Ag 6 is rather sensitive to the experimental environments.
Ag 8 cluster
For the octamer Ag 8 , two stable isomers have been found by our calculations and both have 3D structures. The first isomer is in tetrahedral T d and the second is in D 2d point group. DFT results presented in Table 4 show that the tetrahedral T d structure is the most stable isomer of the neutral silver octamer Ag 8 , even though the D 2d structure lies only ~0.1 eV higher energy. This finding is in line with the previous calculated results [6, 7] . and the previuos TD-DFT calculated spectrum using BP86/LANL2DZ (the red curve) [6] ; b) TDB3LYP/aug-cc-pVDZ-PP calculated absorption spectrum of three Ag 6 isomers in D 3h , C 2v and C 5v symmetry.
The absorption spectrum of neutral silver octamer Ag 8 in T d have been investigated in detailed [35] . In this research, we would like to briefly discuss the absorption of both T d and D 2d structures. For the purpose of comparison, the experimental and previously calculated spectra are displayed in Figure 3a . The absorption of the T d Ag 8 induces the appearance of two bands, a strong band centered at ~3.9 eV and a less intense band located at ~3.0 eV, as shown by the green curve in Figure 3b . The absorption of the D 2d structure gives rise to three peaks, the strongest one is also centered at ~3.9 eV, while the less intense bands are located at ~3.1 and ~3.5 eV, respectively. Overall, a convolution of the calculated absorption of both isomers of Ag 8 reproduces quite well the experimental electronic spectra of Ag 8 in both Ar and Ne matrices [6, 7] . The lower sensitivity to the matrix environment is due to the high stability of the octamer that a complete electronic shell mimicking the noble gas atoms [35] . 
CONCLUSION
In the present work, we applied the two main quantum chemical methods, namely the timedependent density functional theory (TD-DFT) using six representative functionals and the complete active space CASPT2/CASSCF methods, to investigate the electronic structures, some thermochemical parameters and mostly the absorption spectra of some pure silver clusters Ag n in the gas phase.
There is an overall fair agreement, where comparison is possible, between TD-DFT and CASPT2 results for transition energies. Where possible, the experimental spectra of the Ag n clusters examined can reasonably be simulated using the excitation energies obtained either by TD-DFT or CASPT2 method. It is also noteworthy to mention that for some clusters, the neutral Ag 6 for instance, the effects of environment are significant, while for some others such as the neutral Ag 8 , they are not.
